Introduction
============

Adherens junctions (AJ) serve as mechanically adhesive apparatus between neighbouring cells that are associated with actin filaments \[for a comprehensive review see ([@b1])\]. They consist of two basic adhesive units: the classical calcium-dependent cadherin--catenin complex and the calcium-independent nectin--afadin complex. Epidermal ablation of E-cadherin, the major epidermal transmembrane AJ protein, leads to upregulation of P-cadherin, which is normally restricted to the hair follicle ([@b2]). Concomitant ablation of both E-cadherin and P-cadherin in epidermis impairs junction formation and intercellular adhesion, compromising tissue integrity ([@b3]).

Nectins are encoded by four different genes *PVRL1, PVRL2, PVRL3* and *PVRL4* and are capable of forming both homophilic and heterophilic interactions ([@b4],[@b5]). Each nectin member is characterized by an extracellular region with three immunoglobulin-like loops, a transmembrane region, and a cytoplasmic intracellular tail that binds afadin, connecting nectin to the actin cytoskeleton. A crucial roles of the nectin-based adherens junctions in embryonic development are revealed by the severe defects detected in afadin (*Mllt4*) null mice which are characterized by disorganization of the ectoderm, impaired migration of the mesoderm, and loss of somites and other structures derived from both the ectoderm and the mesoderm ([@b6]). Depletion of *Pvrl1*, *Pvrl2* or concomitant depletion of *Pvrl1* and *Pvrl3* do not cause embryonic lethality and lead to relatively mild phenotype in adult mice ([@b7]--[@b9]), suggesting a functional redundancy among nectins. In human and mouse epidermis, nectin-1 is expressed at cell--cell junctions mainly in the suprabasal layers ([@b10]--[@b12]). *Pvrl1* null newborn mice exhibit a shiny and reddish skin, a phenotype that rapidly disappears, suggesting that compensatory mechanisms may exist in skin, and that *Pvrl4*, the other nectin gene abundantly expressed in the upper layers of the epidermis ([@b11],[@b13]), may compensate for *Pvrl1* loss.

Consistent with a crucial and partially overlapping role for *PVRL1* and *PVRL4*, human mutations in these two genes are causative of partially overlapping defects, whereas so far the other nectins have not been linked to human inherited disorders. Mutations in the *PVRL1* gene cause cleft lip and/or palate, ectodermal dysplasia syndrome (CLPED1, OMIM 225060), an autosomal recessive disorder mainly characterized by cleft lip/palate, hidrotic ectodermal dysplasia and syndactyly ([@b14]--[@b16]). The identified homozygous mutations result in protein truncation impairing binding to afadin and abrogating nectin-based cell adhesion. Homozygous or compound heterozygous mutations in the *PVRL4* gene are causative of ectodermal dysplasia-syndactyly syndrome (EDSS1, OMIM 613573), an autosomal recessive disorder characterized by cutaneous syndactyly variably involving fingers and toes associated with hair and teeth abnormalities ([@b13],[@b17]).

A crucial regulator of epidermal development is p63, a tetrameric transcription factor belonging to the p53 family. *p63* null mice die soon after birth with severe defects of the skin and other stratified epithelia, craniofacial abnormalities including cleft lip and palate, as well as impaired limb formation ([@b18]--[@b21]). The *p63* gene is characterized by two independent transcription start sites that give rise to TAp63 and ΔNp63 transcripts ([@b22]). The ΔNp63 transcripts are most abundantly expressed in stratified epithelia including those of the skin and the oral cavity and are required for the appropriate development of these structures ([@b22]--[@b25]). In humans, heterozygous mutations in the *p63* gene cause at least six-related syndromes characterized by ectodermal dysplasia, cleft lip/palate and limb abnormalities including ectrodactyly or syndactyly ([@b26]). Among them, ankyloblepharon--ectodermal defects--cleft lip/palate (AEC) syndrome (OMIM 106260) is characterized by skin fragility, erosions and blisters ([@b27],[@b28]). Consistently, p63 is a crucial regulator of cell--matrix adhesion ([@b25],[@b29]--[@b33]), and cell--cell adhesion directly regulating a subset of desmosomal genes such as Dsc3, Dsp, Dsg1, Perp ([@b34],[@b35]) and the tight junction component claudin-1 ([@b36]). Among the adherens junction components, P-cadherin is a direct p63 target gene ([@b37]), whereas E-cadherin expression is independent of p63 function.

Given that *PVRL1* and *PVRL4* associated syndromes have many features in common with those caused by *p63* mutations, we investigated the possibility that p63 may regulate Pvrl expression in epidermis. We found that p63 directly controls *Pvrl1* transcription, whereas expression of *Pvrl4* and of the other Pvrl genes is, at least in part, independent of p63. *Pvrl1* expression is inhibited in p63 mutant keratinocytes derived from patients with AEC and in keratinocytes derived from a conditional mouse model of the disorder. Surprisingly, also Pvrl4 expression is impaired in AEC mutant keratinocytes, particularly in differentiating conditions. A crucial regulator of epidermal differentiation is the transcription factor Irf6 ([@b38]--[@b40]). p63 activates transcription of *IRF6*, whereas p63 mutant proteins causing ectodermal dysplasias are unable to activate *IRF6* transcription ([@b41],[@b42]). Accordingly, we found that *Irf6* depletion reduces *Pvrl4* expression indicating that *Pvrl4* may be under Irf6 control in differentiated keratinocytes.

Materials and methods
=====================

Mouse models, immunofluorescence and immunoblotting
---------------------------------------------------

*p63*-null mice (B6.129S7-*Trp63*^tm1Brd^/J) ([@b18]) were obtained from the Jackson Laboratory. Conditional knock-in mice (p63-FLAG^L514F/L514F^) expressing a clinically relevant missense mutation were obtained crossing a K14-Cre knock-in mouse ([@b43]) with p63-FLAG^floxL514F/floxL514F^ (a complete characterization of the model will be described elsewhere). All mouse experiments were approved by the Italian Ministry of Health.

For immunofluorescence staining, tissue was embedded in O.C.T. compound (Tissue-TekII; Lab-Tek Products) and frozen at −80°C. Cryosections (6 *μ*m) were fixed in 4% PFA and immunofluorescence was performed as previously described ([@b44]). Sections were examined using a Zeiss confocal microscope LSM510meta (Zeiss, Oberkoche, Germany) or a Leica DMRB microscope (Leica, Solms, Germany). The following primary antibodies were used: rabbit polyclonal antibodies to nectin-1 (H-62; Santa Cruz Biotechnology (Santa Cruz, CA, USA)) and IRF6 (kindly provided by B. Schutte, Michigan State University), mouse antibodies to p63 (4A4; Santa Cruz Biotechnology), to nectin-4 (HPA016775; Sigma, St. Louise, MO, USA) and to β-actin (Santa Cruz Biotechnology). For immunoblotting, secondary antibodies were donkey anti-rabbit and sheep anti-mouse IgG conjugated to horseradish peroxidase (GE Healthcare, Freiburg, Germany). Immunoblotting was performed using ECL (GE Healthcare, Freiburg, Germany). Fluorescence was revealed using goat anti-mouse biotinylated and goat anti-rabbit biotinylated (Vector Laboratories, Burlingame, CA, USA) in combination with Streptavidin Cy-2 (Vector Laboratories, Burlingame, CA, USA) and sections were counterstained with DAPI.

Cell culture and reporter activity
----------------------------------

Primary mouse keratinocytes were isolated from newborn mice and cultured under low calcium conditions (0.05 m[m]{.smallcaps}) or treated with 2 m[m]{.smallcaps} calcium chloride as previously described ([@b45]). Human keratinocytes obtained from patients with AEC Q11X and T533P \[kindly provided by J. Zhou, ([@b35],[@b46])\], as well as control keratinocytes obtained by unaffected individuals were plated at a density of 10^4^ cells/cm^2^ and cultured in KBM Gold medium (Lonza) until confluent. Confluent cells were treated with 0.3 m[m]{.smallcaps} calcium chloride for subsequent RNA analysis.

Knockdown was achieved by transient transfection of 100 n[m]{.smallcaps} small interfering RNA (siRNA) for pan-p63, ΔNp63 ([@b47]), Irf6 (Mm_Irf6_2; Qiagen (Valencia, CA, USA) or negative control (Invitrogen, Carlsbad, CA, USA). Mouse Pvrl1 intronic region 2 (p63BS2) was cloned in pGL3-enhancer luciferase reporter plasmid (as described in Supplementary data). Luciferase activity was determined 48 h after transfection with the dual-luciferase reporter assay kit (Promega, Madison, WI, USA). Renilla activity was used to normalize transfection efficiency.

Normal human epidermal keratinocytes (NHEK-Neo, Lonza; Cat. No. 00192907) were plated at a density of 10^4^ cells/cm^2^ and cultured in KBM Gold medium (Lonza) until confluent. p63 and ΔNp63 knockdown were obtained by transient transfection of 100 n[m]{.smallcaps} small interfering RNA (siRNA) for pan-p63 (5′- CAGAACACACAUGGUAUCCAGAUGA-3′; Stealth RNAi Invitrogen), ΔNp63 ([@b47]) or negative control (Invitrogen).

Real-time RT-PCR and ChIP analysis
----------------------------------

Total RNA from human and mouse keratinocytes were extracted with TRIzol reagent (Invitrogen) and were employed as a template for complementary DNA (cDNA) synthesis performed with SuperScript Vilo (Invitrogen) according to manufacturer\'s instructions. Two-step real-time reverse transcription RT-PCR was performed using the SYBR Green PCR master mix in an ABI PRISM 7500 (Applied Biosystems, Foster City, CA, USA). Levels of the target genes were quantified with specific oligonucleotide primers and normalized for ß-actin expression in mouse and RPLP0 for human samples. For primer sequences, see Tables S1 and S2. ChIP analysis was performed on primary human keratinocytes and newborn mouse epidermis as previously described ([@b47]). For primer sequences, see Tables S3 and S4.

Statistics
----------

All experiments were repeated at least twice, and real-time RT-PCR and ChIP were performed in duplicates. Statistical significance of the gene expression studies was assessed by unpaired two-tailed Student\'s *t* test, and *P*-values are indicated in Figure Legends. All quantitative results are presented as mean ± the standard deviation (SD) as indicated in the Figure Legends and were calculated by Excel software.

Results
=======

*Pvrl1* expression is strongly reduced in embryonic skin of *p63* deficient mice
--------------------------------------------------------------------------------

In *p63* null mice, disorganized and loosely attached epidermal cells are lost at birth. To assess whether p63 may regulates nectin-based adherens junctions, the expression of Pvrl family members was evaluated in *p63* null skin and its wild-type counterpart during embryonic development.

In wild-type embryonic skin, both nectin-1 and nectin-4 were expressed in the suprabasal layer of the epidermis at E14.5. In *p63* null epidermis, nectin-1 was drastically decreased compared to controls, whereas nectin-4 was still expressed in the single layer of epidermal cells (Fig.[1](#fig01){ref-type="fig"}a). Loss of nectin-1 was similarly observed at E16.5 when both wild-type and *p63* null skin were characterized by more than one layer of cells, suggesting that loss of nectin-1 expression is unlikely to be due to reduced stratification. Consistent with reduced protein levels, *Pvrl1* mRNA was strongly diminished in *p63* null mice, whereas an equal amount of the other Pvrl genes, afadin (*Mllt4*) and E-cadherin (*Cdh1*) was observed (Fig.[1](#fig01){ref-type="fig"}b).

![Nectin-1 expression is decreased in *p63* null embryos. (a) Immunofluorescence analysis of nectin-1 and nectin-4 on E14 embryo skin derived from *p63* null mice (*−*/−) and controls (+/+) (upper panels). Nectin-1 expression at E16.5 is shown in the lower panel. Dashed white lines indicate the basement membrane. Scale bars, 50 *μ*m. (b) Expression of the indicated genes was performed by real-time RT-PCR in E16.5 p63 null (*−*/−) and controls (+/+) skin. *Pvrl1* mRNA levels were strongly decreased in the skin of *p63*^*−*/−^ mice compared to wild type (\**P*-value=0.007; *n* = 6). Data are normalized for β-actin mRNA levels and are expressed relative to controls. Error bars denote SD.](exd0024-0114-f1){#fig01}

We next analysed Pvrl1 expression in primary mouse keratinocytes depleted for p63 or ΔNp63 using specific siRNA (Fig.[2](#fig02){ref-type="fig"}a--c). In both p63- and ΔNp63-depleted keratinocytes, *Pvrl1* was significantly reduced both at the mRNA and protein levels as compared to controls, whereas *Pvrl4* mRNA levels were not affected by p63 knockdown (Fig.[2](#fig02){ref-type="fig"}b,c). Similarly, human keratinocytes depleted for p63 or ΔNp63 showed a reduction of *PVRL1* compared to the control whereas *PVRL4* was not affected by p63 depletion (Fig.[2](#fig02){ref-type="fig"}d).

![*p63* depletion influence *Pvrl1* expression *in vitro*. (a) p63 mRNA expression in control mouse keratinocytes or in keratinocytes depleted of p63 or ΔNp63. Data are normalized for β-actin mRNA levels and are represented as mean of ± SD. (b) Immunoblotting analysis for nectin-1 and p63 in cell extracts depleted of p63 or ΔNp63, or controls (ctr). Data are normalized for β-actin protein expression. (c) Real-time RT-PCR for *Pvrl1* in keratinocytes depleted of p63 or ΔNp63. *Pvrl1* mRNA expression was strongly downregulated in p63-depleted keratinocytes as compared to controls (\**P*-value = 0.002; *n* = 8) whereas *Pvrl4* expression is similar to control. Data are normalized for β-actin mRNA levels and are represented as mean ± SD normalized mRNA levels. (d) *PVRL1* and *PVRL4* mRNA expression in human primary keratinocytes depleted of p63 or ΔNp63. *PVRL1* mRNA expression was strongly downregulated in p63-depleted keratinocytes as compared to controls (\**P*-value = 0.01; *n* = 6) whereas Pvrl4 expression is similar to control. Data are normalized for RPLP0 mRNA levels and are represented as mean ± SD.](exd0024-0114-f2){#fig02}

Together these results suggest that p63 specifically regulates the expression of *Pvrl1*, but not of the other Pvrl genes both in human and mouse.

*Pvrl1* is a p63 target gene in skin
------------------------------------

To obtain further insights into the regulation of *Pvrl1* by p63, we analysed a genome-wide ChIP-seq analysis previously performed in human primary keratinocytes ([@b48]) which revealed at least two strong p63-binding regions (p63BS1 and p63BS2) in the first intron of *PVRL1* (Figure S1). p63BS1 and p63BS2 were highly conserved in mammals and contained DNAse hypersensitive sites (Figure S1), consistent with their open chromatin state ([@b49],[@b50]). In addition p63BS2, and to a lesser extent p63BS1, were enriched for histone H3 acetylation on lysine 27 (H3K27ac) (Figure S1), a chromatin marks known to associate with active regulatory regions ([@b51]--[@b53]). ChIP-qPCR analysis performed in primary human keratinocytes and mouse epidermis confirmed that p63 efficiently bound both the identified regions and more strongly to p63BS2 in mouse epidermis (Fig.[3](#fig03){ref-type="fig"}a), which contains at least two evolutionary conserved p63-binding sites (Figure S1). To gain further insights, we cloned p63BS2 upstream of the luciferase gene. Luciferase assays revealed that the p63BS2 activity was efficiently reduced upon p63 depletion in mouse keratinocytes (Fig.[3](#fig03){ref-type="fig"}b). Taken together, these data indicate that *Pvrl1* is a *bona fide* p63 transcriptional target gene.

![*PVRL1* is a target gene of the transcription factor p63. (a) chromatin immunoprecipitation experiments (ChIP)-qPCR of the two identified p63-binding regions (p63BS) in the *PVRL1* genomic locus was performed in human primary keratinocytes (upper panel) and in mouse epidermis (lower panel). (b) p63BS2 enhancer activity was analysed by luciferase assay in p63 depleted or control keratinocytes (\**P*-value = 3.12E-06; *n* = 6). Data are represented as mean of ± SD of three independent experiments.](exd0024-0114-f3){#fig03}

*PVRL1* and *PVRL4* are deregulated in AEC syndrome
---------------------------------------------------

*PVRL1* and *PVRL4* mutations cause syndromic defects partially overlapping with the phenotype of AEC syndrome ([@b13],[@b16],[@b17],[@b27]). To test the possibility that *PVRL1* and *PVRL4* could be impaired in AEC syndrome, we analysed their expression in human keratinocytes derived from individuals affected by this disorder. Surprisingly, both *PVRL1* and *PVRL4* were strongly reduced (Fig.[4](#fig04){ref-type="fig"}a). Similar results were obtained in keratinocytes derived from a conditional mouse model for AEC syndrome (p63-FLAG^L514F/L514F^), and expressing p63-FLAG^L514F^ to a similar extent of wild-type p63 (Fig.[4](#fig04){ref-type="fig"}b). Both *Pvrl1* and *Pvrl4* were significantly lower in mutant keratinocytes versus controls under basal and differentiating conditions (Fig.[4](#fig04){ref-type="fig"}c).

![*PVRL1* and *PVRL4* expression in p63 mutant keratinocytes. (a) *PVRL1* and *PVRL4* mRNA expression levels in human keratinocytes derived from two affected individuals (AEC1 and AEC2) and controls (ctr1 and ctr2) harvested under differentiating (0.3 m[m]{.smallcaps} Ca^++^) conditions. Data are normalized for RPLP0 mRNA levels and are represented as mean ± SD normalized mRNA levels. (b) Immunoblotting analysis for the indicated proteins in mouse primary keratinocytes derived from p63-FLAG^L514F/L514F^ mice (L/L) and controls (+/+). Arrows indicate the wild-type and FLAG version of the mutant p63 protein. (c) *Pvrl1* and *Pvrl4* mRNA expression in K14-Cre; p63-FLAG^L514F/L514F^ (L/L) keratinocytes harvested under basal (low Ca^++^) and differentiating conditions (high Ca^++^, 2 m[m]{.smallcaps}). *Pvrl1* mRNA levels were significantly decreased both under basal (\**P*-value = 8.13E-05; *n* = 14) and differentiating conditions (\**P*-value = 9.7E-05; *n* = 10). Similarly, *Pvrl4* mRNA levels were significantly decreased under basal (\**P*-value = 0.012; *n* = 14) and differentiating conditions (\**P*-value = 0.008; *n* = 6). Data are normalized for β-actin mRNA levels and are represented as mean ± SD. (d) *Pvrl1* and *Pvrl4* mRNA levels in Irf6-depleted mouse keratinocytes. *Pvrl4* mRNA expression is negatively regulated by Irf6 depletion both under basal (\**P*-value = 0.002; *n* = 8) and differentiating conditions (\**P*-value = 0.05; *n* = 4). Data are normalized for β-actin mRNA levels and are represented as mean ± SD.](exd0024-0114-f4){#fig04}

Given that *Pvrl4* was more highly expressed in differentiated keratinocytes, we tested the possibility that its expression may be regulated by Irf6, a transcription factor involved in epidermal differentiation ([@b40]). Irf6 is an established transcriptional target of p63, and p63 mutations causative of AEC syndrome strongly reduce p63 ability to activate IRF6 transcription ([@b41],[@b42]). Consistently, we found that p63 mutant mouse keratinocytes exhibited a stronger downregulation of Irf6 (80%) as compared to p63 depleted keratinocytes (40%) or *p63* null skin (35--40%) (Fig.[4](#fig04){ref-type="fig"}b and Figure S2). To investigate its putative role in the regulation of *Pvrl1* and *Pvrl4* expression, *Irf6* was depleted in primary mouse keratinocytes both under basal and differentiating conditions (Figure S3). Irf6 depletion caused a significant reduction of *Pvrl4* expression, whereas *Pvrl1* remained unaffected (Fig.[4](#fig04){ref-type="fig"}d).

Taken together, these observations suggest that Irf6 controls *Pvrl4* expression and that strongly decreased Irf6 expression may be at least in part the cause of reduced *Pvrl4* expression in AEC mutant keratinocytes.

Discussion
==========

Among the several functions that have been ascribed to p63 in epidermis, a crucial role played by this transcription factor is to maintain cell--cell adhesion, by controlling several genes including those encoding desmosomal components ([@b34],[@b35],[@b54]). Adherens junction significantly contribute to cell adhesion in epidermis and in the hair follicle ([@b55]), and among the classical cadherins, the hair follicle expressed P-cadherin is a direct transcriptional target of p63 ([@b37]). Here, we demonstrate that p63 regulates the nectin--afadin complex by directly controlling the *Pvrl1* gene, encoding for nectin-1. *Pvrl1* mRNA and its protein product nectin-1 are strongly reduced in *p63* null embryonic skin at E14.5-E16.5, whereas the expression of the other Pvrl family member *Pvrl4* is unaffected. Accordingly, *Pvrl1* expression is strongly reduced in p63 depleted human and mouse keratinocytes in culture. Consistent with a direct regulation, p63 binds to two intronic *bona fide* regulatory regions characterized by high levels of H3K27 acetylation and the presence of DNAse hypersensitive sites, both in human keratinocytes and in mouse epidermis. Previous *in situ* hybridization studies in early embryos (E11-E12) did not show a significant difference in *Pvrl1* expression in *p63* null surface ectoderm or in oral epithelium ([@b24]), possibly due to a relatively low signal to background noise. An alternative possibility that remains to be explored is that *Pvrl1* expression may be less dependent on p63 in earlier developmental stages.

The two binding sites for p63 that were characterized in the present study are the strongest ones in the Pvrl1 human genomic region as determined by ChIP-seq ([@b48]) and coincide with the putative enhancer regions as determined by H3K27 acetylation (Figure S1) ([@b53]). In another genome-wide identification study, a p63-binding region was previously reported in close proximity to the Pvrl1 promoter in human keratinocytes and was found to be responsive to p63γ in heterologous cells ([@b56]), suggesting that other p63-binding sites may be functionally relevant for Pvrl1 regulation.

As *PVRL1* mutations in humans cause ectodermal dysplasia and cleft lip/palate ([@b14]--[@b16]), resembling p63-associated syndromes, it has been previously suggested that two genes may be functionally linked ([@b27]). Consistent with this hypothesis, we found that *Pvrl1* expression is reduced in keratinocytes derived from AEC syndrome patients and from an AEC mouse models. Surprisingly, *Pvrl4* expression is also reduced in differentiated AEC keratinocytes, even though its expression is not altered in p63-depleted keratinocytes or epidermis. In searching for a possible mechanism for reduced expression of Pvrl4 in differentiated AEC keratinocytes, we tested the possibility that IRF6, a crucial regulator of keratinocyte terminal differentiation ([@b38]--[@b40]), may regulate *Pvrl4*. Consistent with previous observations in human skin ([@b42]), we found that Irf6 is strongly reduced in AEC mutant keratinocytes, whereas its expression is more modestly affected in p63-depleted keratinocytes or in *p63* null skin. The observed differential Irf6 regulation between AEC keratinocytes and *p63* null skin may be explained by the dominant-negative nature of AEC mutations and by the complete abrogation of the entire differentiation program that we observe in AEC keratinocytes, but not in p63-depleted cells (our unpublished data). Taken together these data suggest a model whereby p63 and differentiation-specific transcription factors are required for Irf6 expression (Figure S4). In AEC keratinocytes, loss of p63 and impairment of differentiation lead to dramatic downregulation of Irf6 and Pvrl4. Accordingly, Irf6 depletion results in strong downregulation of *Pvrl4*, suggesting that reduced Irf6 in AEC mutant keratinocytes may be responsible -- at least in part -- for *Pvrl4* downregulation. Our attempts to identify Irf6-binding sites in the *Pvrl4* genomic region have failed (data not shown), thus whether Irf6 controls *Pvrl4* directly or indirectly remains to be explored. Finally, reduced nectin-1 and nectin-4 may contribute in part to the skin fragility phenotype observed in AEC syndrome, even though we did not observed strong changes in *Pvrl1* and *Pvrl4* expression in AEC skin (data not shown), suggesting that compensatory mechanisms may operate *in vivo* to control nectin expression. Our work provides the first insight into the transcriptional regulation of *Pvrl1* and *Pvrl4* gene expression in epidermal cells.
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**Figure S1.** p63 binding regions in the PVRL1 genomic locus.

**Figure S2.** Irf6 expression in p63 null epidermis, in p63 depleted keratinocytes, and in AEC mutant keratinocytes.

**Figure S3.** Irf6 expression in Irf6 depleted mouse keratinocytes.

**Figure S4.** Scheme illustrating the regulation of Pvrl1 and Pvrl4 by p63.

**Table S1.** Oligonucleotide primers for Real Time RT-PCR on mouse samples.

**Table S2** Oligonucleotide primers for Real Time RT-PCR on human samples.

**Table S3.** Oligonucleotide primers for ChIP analysis on human genomic DNA.

**Table S4.** Oligonucleotide primers for ChIP analysis on mouse genomic DNA.
